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Transcription of genes encoding molecular chaperones and folding enzymes in the endoplasmic reticulum
(ER) is induced by accumulation of unfolded proteins in the ER. This intracellular signaling, known as the
unfolded protein response (UPR), is mediated by the cis-acting ER stress response element (ERSE) in
mammals. In addition to ER chaperones, the mammalian transcription factor CHOP (also called GADD153)
is induced by ER stress. We report here that the transcription factor XBP-1 (also called TREB5) is also induced
by ER stress and that induction of CHOP and XBP-1 is mediated by ERSE. The ERSE consensus sequence is
CCAAT-N9-CCACG. As the general transcription factor NF-Y (also known as CBF) binds to CCAAT, CCACG
is considered to provide specificity in the mammalian UPR. We recently found that the basic leucine zipper
protein ATF6 isolated as a CCACG-binding protein is synthesized as a transmembrane protein in the ER, and
ER stress-induced proteolysis produces a soluble form of ATF6 that translocates into the nucleus. We report
here that overexpression of soluble ATF6 activates transcription of the CHOP and XBP-1 genes as well as of
ER chaperone genes constitutively, whereas overexpression of a dominant negative mutant of ATF6 blocks the
induction by ER stress. Furthermore, we demonstrated that soluble ATF6 binds directly to CCACG only when
CCAAT exactly 9 bp upstream of CCACG is bound to NF-Y. Based on these and other findings, we concluded
that specific and direct interactions between ATF6 and ERSE are critical for transcriptional induction not only
of ER chaperones but also of CHOP and XBP-1.

Secretory and transmembrane proteins must fold properly in
the endoplasmic reticulum (ER) prior to subsequent transport
to subcellular compartments that reside in the secretory path-
way (14, 19). This productive folding process, however, can be
perturbed by a variety of physiological and environmental
stress conditions that cause accumulation of unfolded proteins
in the ER. Under such ER stress conditions, homeostasis of
protein folding in the ER is maintained by interorganelle sig-
naling from the ER to the nucleus, a process called the un-
folded protein response (UPR) (20, 30). Thus, from yeast to
humans, transcription of genes encoding molecular chaper-
ones and folding enzymes in the ER is induced in the nucleus
in response to unfolding in the ER. Mammalian ER stress-in-
ducible proteins include molecular chaperones such as GRP78
(also known as BiP), GRP94, GRP170 (also known as ORP150),
and calreticulin as well as folding enzymes such as peptidyl-prolyl-
cis-trans-isomerase FKBP13, protein disulfide isomerase, and
protein disulfide isomerase-like proteins ERp72, ERp61 (also
known as ERp57 or GRP58), and ERp29 (references 13 and
20 and references therein), indicating that synthesis of the
majority of proteins assisting or facilitating protein folding in
the ER is coregulated. Thus, the cell can adjust the folding
capacity in the ER quite effectively by simply controlling cel-
lular UPR activity.

The mechanism of the UPR has been very well characterized
for the budding yeast Saccharomyces cerevisiae. The transmem-
brane protein kinase Ire1p (also known as Ern1p) is consid-

ered to function as a sensor molecule of ER stress (8, 32), and
the basic leucine zipper (bZIP) protein Hac1p is a yeast UPR-
specific transcription factor (9, 31, 36) that activates transcrip-
tion of target genes in the nucleus through binding to the
cis-acting UPR element (34, 35). ER stress-induced splicing of
HAC1 mRNA plays an essential role in connecting events in
the ER and those in the nucleus (9, 21). The sequence-specific
and nonsequential cleavage of the splice sites is carried out by
Ire1p, and the splicing reaction is completed by the tRNA
ligase Rlg1p (15, 22, 49, 50). This unique system allows yeast
cells to synthesize the highly active transcription factor Hac1p
only when they need to cope with unfolded proteins in the ER
(6, 21, 33).

Despite the initial discovery of induction of GRP78 and
GRP94 in mammalian cells more than 20 years ago (48), the
mechanism of the mammalian UPR remained poorly under-
stood until the recent discovery of several key components
involved in signaling. Mammalian cells were shown to contain
two proteins designated as IRE1a and IRE1b, which are ho-
mologous in both sequence and domain structure to yeast
Ire1p (53, 56). Overexpression of IRE1a or IRE1b constitu-
tively activated transcription of ER chaperone genes as in the
case of yeast Ire1p, suggesting similarities in the stress sensing
system between yeast and mammalian ER. In addition to reg-
ulation at the level of transcription, mammalian cells respond
to ER stress by regulating translation (20); initiation of trans-
lation is blocked under ER stress conditions so that no more
proteins can be translocated into the ER, where protein
folding is prevented (40). It has recently been shown that
the ER-resident transmembrane protein kinase PERK (also
known as PEK) plays a major role in ER stress-induced trans-
lational attenuation (16, 17, 47). Interestingly, the luminal do-
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main of PERK shows significant sequence homology to those
of IRE1a and IRE1b, suggesting that these three proteins use
similar mechanisms for sensing the presence of unfolded pro-
teins in the ER. A very recent paper reported that the luminal
domain of PERK can be functionally exchanged with that of
IRE1 and that the chaperone protein GRP78 is directly in-
volved in activating both IRE1 and PERK in response to ER
stress (4).

Recently, a unique sequence consisting of 19 nucleotides
(CCAAT-N9-CCACG) was shown independently in our labo-
ratory and A. S. Lee’s laboratory to be commonly present in
the promoter regions of mammalian UPR target genes (43,
60). We demonstrated that this sequence, designated the ER
stress response element (ERSE), is indeed the cis-acting ele-
ment necessary and sufficient for induction by ER stress of at
least three major ER chaperones, GRP78, GRP94, and calre-
ticulin (60). We confirmed that the general transcription factor
NF-Y (also known as CBF) (28) binds to the CCAAT part of
ERSE as reported previously by Lee and coworkers (44). Thus,
we proposed that the CCACG part of ERSE 9 bp downstream
of the CCAAT part provides specificity in the mammalian
UPR (60).

Using yeast one-hybrid screening, we isolated the bZIP pro-
tein ATF6 as a candidate for the mammalian UPR-specific
transcription factor that binds to the CCACG part of ERSE
(60). Subsequent analysis revealed an intriguing mechanism by
which ATF6 is activated in response to ER stress (18). ATF6
is constitutively synthesized as a 90-kDa protein (p90ATF6),
which is converted to a 50-kDa protein (p50ATF6) specifically
in ER-stressed cells prior to induction of GRP78. The most
important consequence of this processing was alteration of the
subcellular localization of ATF6. p90ATF6 is a type II trans-
membrane glycoprotein embedded in the ER via the single
transmembrane domain near the center of the molecule, sug-
gesting that the bZIP-containing N-terminal region is located
in the cytoplasmic side. In marked contrast, p50ATF6 is a
soluble nuclear protein. C-terminal deletion analysis showed
that ATF6 mutants representing the cytoplasmic region were
accumulated in the nucleus and that their overexpression re-
sulted in constitutive enhancement of the levels of both GRP78
mRNA and GRP78 protein. We thus proposed that upon ER
stress, the N-terminal fragment facing the cytoplasm is re-
leased from the ER membrane by a proteolytic process, and
the resulting p50ATF6 translocates into the nucleus and acti-
vates transcription of ER chaperone genes. However, as yet
there is no evidence in support of a direct interaction between
ATF6 and ERSE. In addition, it still remains to be determined
how the proteolysis of ATF6 is regulated by putative sensor
molecules of ER stress.

In mammals, the transcription factor CHOP (also known as
GADD153) (11, 42) is known to be induced under the condi-
tions of ER stress (58). We report here that the transcription
factor XBP-1 (also called TREB5) (27, 61) is also induced by
ER stress. It was previously reported that overexpression of
murine IRE1b activated transcription of both the GRP78 and
CHOP genes, whereas overexpression of mutant IRE1b lack-
ing the cytoplasmic kinase domain showed dominant negative
effects and thus mitigated induction by ER stress of both the
GRP78 and CHOP genes (56), suggesting coregulation of
GRP78 and CHOP.

In this report, we examined whether ERSE and ATF6 are
involved in induction of CHOP and XBP-1 as well as in that of
ER chaperones. We then asked whether ATF6 directly recog-
nizes and binds to the CCACG part of ERSE.

MATERIALS AND METHODS

Cell culture and transfection. HeLa cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 2 mM glutamine, and
antibiotics (100 U of penicillin/ml and 100 mg of streptomycin/ml). 293 cells were
grown in Eagle’s minimum essential medium supplemented with 10% horse
serum, 2 mM glutamine, and antibiotics. Cells were maintained at 37°C in a
humidified 5% CO2–95% air atmosphere. Transfection was carried out by the
standard calcium phosphate method (45) essentially as described previously (60).

Construction of plasmids. Recombinant DNA techniques were performed
according to standard procedures (45). The mammalian expression plasmid
pcDNA3.1(1) was obtained from Invitrogen (Carlsbad, Calif.). The full-length
ATF6 expression plasmid pcDNA-ATF6 was constructed previously (60). An-
other full-length ATF6 expression plasmid, pCGN-ATF6 (670), as well as mutant
ATF6 expression plasmids pCGN-ATF6 (373) and pCGN-ATF6 (366), has been
described previously (18). pcDNA-ATF6 (373) and pcDNA-ATF6 (373) DAD
were constructed by PCR-mediated amplification of the regions corresponding
to amino acids 1 to 373 and 171 to 373 of ATF6, respectively, together with a stop
codon followed by insertion of the resultant fragments into pcDNA3.1(1) after
their sequences had been confirmed.

Based on the published sequence of the human XBP-1 gene (38), a 459-bp
fragment of the XBP-1 promoter (the 2330-to-1129 region; numbers indicate
nucleotide positions relative to the transcription start site) was amplified by PCR
from HeLa genomic DNA and cloned into the KpnI-BglI sites of the pGL3-Basic
vector (Promega, Madison, Wis.), which contains the firefly luciferase coding
sequence but lacks eukaryotic promoter or enhancer elements. Similarly, an
887-bp fragment of the human CHOP promoter (the 2870-to-117 region) (37)
was amplified by PCR and cloned into the KpnI-HindIII sites of the pGL3-Basic
vector. ERSE was eliminated from the XBP-1 or CHOP promoter by site-
directed mutagenesis using an Exsite Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, Calif.). Various deletion mutants of the XBP-1 or CHOP
promoter were prepared by PCR-mediated mutagenesis. Synthetic, double-
stranded oligonucleotides encoding wild-type GRP78–ERSE1, XBP-1–ERSE1,
CHOP–ERSE1, and CHOP-ERSE2, as well as those encoding point mutants of
GRP78–ERSE1 and CHOP-ERSE1, were inserted into the XhoI-BglII sites of
the pGL3-Promoter vector (Promega), which contains the simian virus 40 (SV40)
minimal promoter upstream of the luciferase coding sequence.

To express various subregions of ATF6 fused in frame to the DNA-binding
domain of yeast Gal4p (amino acids 1 to 147; GAL4DB), the expression vector
pBIND (Promega), which expresses GAL4DB under the control of the cytomeg-
alovirus promoter, was used. Various subregions were amplified by PCR, and the
resultant fragments were inserted into the XbaI site of pBIND after their se-
quences had been confirmed.

Luciferase assays. HeLa cells in 96-well plates were transfected with 0.2 mg of
a reporter plasmid carrying the firefly luciferase gene and 0.02 mg of the refer-
ence plasmid pRL-SV40 carrying the Renilla luciferase gene under the control of
the SV40 enhancer and promoter (Promega) with or without 0.1 mg of an effector
protein expression plasmid. After a 48-h incubation in fresh medium, cells were
lysed in 20 ml of Passive Lysis Buffer (Promega). For induction of the UPR, cells
were treated with 2 mg of tunicamycin/ml for 16 h prior to harvesting. Firefly
luciferase and Renilla luciferase activities were measured with 5 ml of cell lysate
using the Dual-Luciferase Reporter Assay System (Promega) and a Luminoskan
luminometer (Labsystems, Helsinki, Finland). Relative activity was defined as
the ratio of firefly luciferase activity to Renilla luciferase activity. Fold induction
was defined as the ratio of induced to basal levels of activity.

To determine Gal4p-mediated transcriptional activity, HeLa cells in 24-well
plates were transiently cotransfected with 0.1 mg of pBIND or a pBIND-derived
plasmid and 0.5 mg of the reporter plasmid pG5luc (Promega). pG5luc contains
five Gal4p binding sites in a minimal promoter upstream of the firefly luciferase
gene. pBIND includes the Renilla luciferase gene to normalize transfection
efficiency, the expression of which is controlled by the SV40 early promoter and
growth hormone intron. Transfected cells were lysed in 100 ml of 13 Passive
Lysis Buffer. Aliquots of 10 ml were used to determine firefly and Renilla lucif-
erase activities.

Northern blot hybridization analysis. Aliquots of 10 mg of total RNA ex-
tracted by the guanidine-phenol method were subjected to 1.2% agarose gel
electrophoresis on a gel containing 2.2 M formaldehyde, blotted onto nylon
membranes, and hybridized with 32P-labeled cDNA probes according to the
standard procedure (45). Filters were exposed to X-ray film.

Electrophoretic mobility shift assay (EMSA). Escherichia coli expression plas-
mids for human NF-YA, NF-YB, and NF-YC were kindly provided by Roberto
Mantovani (University of Milan), and recombinant proteins were expressed
separately in E. coli cells. The NF-Y trimer was reconstituted according to the
procedure published previously (3); NF-YA, NF-YB, and NF-YC were solubi-
lized with 8 M urea from inclusion bodies, mixed, and dialyzed against BC100
buffer (20 mM HEPES [pH 7.9], 100 mM KCl, and 10% glycerol). ATF6 (373)
was translated in vitro using the TNT T7 quick coupled transcription-translation
system (Promega). Nuclear extracts were prepared from HeLa cells as described
previously (46). Anti-NF-YA antiserum was obtained from Rockland (Gilberts-
ville, Pa.). Anti-ATF6 antiserum was prepared and purified as described previ-
ously (18). Anti-CREB-RP antiserum was raised against the N-terminal region
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(amino acid 1 to 307) of CREB-RP fused with glutathione S-transferase, which
had been expressed and purified from E. coli cells.

Double-stranded synthetic oligonucleotide probes were radiolabeled using the
Klenow fragment of DNA polymerase I and [a-32P]dCTP (222 TBq/mmol) and
purified by centrifugation through ProbeQuant G50 Micro Columns (Amersham
Pharmacia Biotech, Little Chalfont, United Kingdom). A 41-bp sequence
present in the GRP78 promoter and containing GRP78–ERSE1 (GGAGGGC
CTTCACCAATCGGCGGCCTCCACGACGGGGCTGG [underlined sequences
perfectly match the consensus of ERSE]) was designated ERSE-CC. The
CCAAT and/or CCACG part of ERSE-CC was mutated by multiple nucleotide
replacements. Thus, the sequences of mutant ERSEs were as follows (with
mutated sequences indicated by lowercase letters and ERSE consensus se-
quences underlined); ERSE-CM, GGAGGGCCTTCACCAATCGGCGGCCT
gatgtACGGGGCTGG; ERSE-MC, GGAGGGCCTTCAgactaCGGCGGCCTC
CACGACGGGGCTGG; and ERSE-MM, GGAGGGCCTTCAgactaCGGCG
GCCTgatgtACGGGGCTGG. A 41-bp sequence present in the XBP-1 promoter
and containing XBP-1–ERSE1 (GGGCGACGCTGGCCAATCGCGGAGGGC
CACGACCGTAGAAA) was used as a probe. A 41-bp sequence present in the
CHOP promoter and containing both CHOP–ERSE1 and CHOP–ERSE2 (GG
CCAAAACCTACCAATCAGAAAGTGGCACGCCGGCATTGG (with under-
lined and boldface sequences denoting CHOP–ERSE1 and CHOP–ERSE2,
respectively) was also used as a probe.

The binding buffer consisted of 20 mM HEPES (pH 7.9), 100 mM KCl, 10%
glycerol, 1 mM MgCl2, 1 mM 2-mercaptoethanol, 0.1% Tween 20, and 20 mg of
poly(dI-dC) z poly(dI-dC)/ml. Each of the oligonucleotide probes (0.1 pmol;
;9,000 cpm) was incubated at 4°C for 1 h with 1 ml of in vitro-translated ATF6
(373) (;800 fmol) in the presence or absence of recombinant NF-Y trimer (10
fmol) in a final volume of 10 ml. Samples were loaded onto nondenaturing
gradient (5 to 20%) polyacrylamide gels and electrophoresed at 4°C at 20 mA for
100 min in native polyacrylamide gel electrophoresis (PAGE) buffer (25 mM Tris
base, 192 mM glycine, 1 mM MgCl2, 1 mM 2-mercaptoethanol, 1% Tween 20,
and 10% glycerol). Gels were then dried and exposed to X-ray film. Alterna-
tively, a 32P-labeled probe (0.1 pmol; ;6,000 cpm) was incubated at 4°C for 1 h
with a HeLa cell nuclear extract (1 mg of proteins) in the presence or absence of
1 ml of in vitro-translated ATF6 (373) (;800 fmol) in a final volume of 10 ml.
Samples were loaded onto nondenaturing 4.5% polyacrylamide gels and electro-
phoresed at 4°C at 200 V for 150 min in 0.53 TBE buffer (45 mM Tris-borate and
1 mM EDTA). For supershift experiments, samples were treated with various
antisera at 4°C for 1 h prior to incubation with a radiolabeled probe.

RESULTS

XBP-1 is induced by ER stress. We previously obtained the
mammalian bZIP type transcription factor XBP-1/TREB5 as a
putative ERSE-binding protein in addition to ATF6 using
yeast one-hybrid screening; both ATF6 and XBP-1 activated
reporter gene transcription in an ERSE-dependent manner
when expressed in yeast cells as fusion proteins with the acti-
vation domain of the yeast transcriptional activator Gal4p (60).
Overexpression of full-length ATF6 alone in HeLa cells was
sufficient to activate promoters of various mammalian ER
chaperone genes even in the absence of ER stress (60). In
marked contrast, overexpression of full-length XBP-1 alone
showed little effect on the promoter activities of various ER
chaperone genes (data not shown). Thus, the role of XBP-1 in
the mammalian UPR is currently unclear.

Interestingly, however, we found that XBP-1 mRNA was
induced similarly to GRP78 mRNA and CHOP mRNA (Fig.
1A) by various chemicals that cause ER stress, i.e., tunicamycin
(an inhibitor of protein N glycosylation [24]), A23187 (a cal-
cium ionophore [59]), and thapsigargin (an inhibitor of the ER
Ca21 ATPase [25]). Furthermore, the time courses of induc-
tion of these three mRNAs were quite similar (Fig. 1B). These
results prompted us to examine whether induction of XBP-1 or
CHOP is mediated by ERSE as in the case of ER chaperones.

ERSE mediates induction of XBP-1 by ER stress. To analyze
the cis-acting element(s) responsible for induction of XBP-1 by
ER stress, the promoter region of XBP-1 (2330 to 1129) was
fused with the firefly luciferase gene and the resulting reporter
plasmid was transiently introduced into HeLa cells (Fig. 2A).
Treatment of transfected cells with tunicamycin for 16 h en-
hanced luciferase expression sixfold (Fig. 2A, line 2), compa-
rable with the eightfold induction of XBP-1 mRNA by tunica-
mycin (see Fig. 1). Deletion analysis indicated that the region

from nucleotide position 2330 to 215 was dispensable for
induction (Fig. 2A, lines 3 and 4) but that the region from
position 132 to 165 was critical for induction (lines 5 to 7).
Importantly, a sequence perfectly matching the consensus of
ERSE, designated XBP-1–ERSE1, was present within the re-
gion from 132 to 165 (Fig. 3A), and XBP-1–ERSE1 con-
ferred ER stress inducibility on a heterologous SV40 minimal
promoter similarly to GRP78–ERSE1 (Fig. 3B). When XBP-
1–ERSE1 was disrupted by multiple nucleotide replacements,
the XBP-1 promoter lost the ability to respond to tunicamycin
(Fig. 4A). Based on these results, we concluded that XBP-1–
ERSE1 is the cis-acting element necessary and sufficient for
induction of XBP-1 by ER stress.

ERSE mediates induction of CHOP by ER stress. To iden-
tify the cis-acting element(s) responsible for induction of
CHOP by ER stress, we analyzed the CHOP promoter (2870
to 117) fused to the firefly luciferase gene by transient trans-
fection assays. The full-length promoter responded to tunica-
mycin treatment by enhancing luciferase expression approxi-
mately 3.5-fold (Fig. 2B, line 9). The extent of induction was
much lower than that expected from the 18-fold induction of
CHOP mRNA by tunicamycin (see Fig. 1). However, the high
basal activity of the CHOP promoter, accounting for low in-
ducibility, was also reported previously by others (37). Deletion
of the region from 2870 to 2325 significantly affected neither
basal nor induced expression (Fig. 2B, lines 10 to 14). On the
other hand, deletion of the region from 2325 to 2105 mark-
edly reduced basal expression, giving rise to increased induc-
ibility up to approximately sixfold (Fig. 2B, lines 15 and 16).
Further deletion of the region from 2105 to 274 completely
abolished the induction (line 17). We found that this indis-
pensable region from 2105 to 274 contained two ERSE-like
sequences designated CHOP–ERSE1 and CHOP–ERSE2,
which overlapped by 9 bp and were oriented in opposite di-
rections (Fig. 3A).

Interestingly, only CHOP–ERSE1 conferred ER stress in-
ducibility on the SV40 minimal promoter (Fig. 3B). Transver-
sion of G to T at the critical nucleotide 285 of CHOP–ERSE2
(the 39-most nucleotide of the CCACG part) likely explains the
inability of CHOP–ERSE2 to mediate transcriptional induc-
tion, because the same transversion inactivated GRP78–
ERSE1 (60). In contrast, CHOP–ERSE1 was nearly as active
as GRP78–ERSE1 despite the presence of a C-to-G alteration

FIG. 1. Induction of XBP-1 and CHOP transcripts by ER stress. (A) Effects
of various ER stress-inducing reagents on the levels of XBP-1 and CHOP
mRNA. Total RNA was extracted from HeLa cells in 60-mm dishes that had
been treated for 8 h with either 2 mg of tunicamycin (TM)/ml, 3 mM A23187, or
100 nM thapsigargin (Tg) and analyzed by Northern blot hybridization. The filter
was hybridized with one of the 32P-labeled DNA probes specific for GRP78,
XBP-1, CHOP, or GAPDH mRNA and then stripped for hybridization with a
different probe. (B) Time course of induction. HeLa cells were treated with 2 mg
of tunicamycin/ml for the indicated periods before total RNA was extracted and
analyzed by Northern blot hybridization as for panel A.
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at the critical nucleotide 289 (the 59-most nucleotide of the
CCACG part). This activity was unexpected because the same
alteration abolished the function of GRP78–ERSE1 (60).
Therefore, we introduced all four nucleotides at the 59-most
side of the CCACG part of GRP78–ERSE1 or CHOP–ERSE1
and examined their effects (Fig. 5A). Compared with the wild-
type GRP78–ERSE1 (Fig. 5A, line 2), mutant GRP78–ERSE1
carrying A at this position showed much lower basal activity
but still retained the ability to respond to tunicamycin treat-
ment (Fig. 5A, line 3). On the other hand, mutant GRP78–
ERSE1 carrying G or T showed little or no activity (Fig. 5A,
line 4 or 5, respectively). These results were consistent with our
previous observation that C and A are preferred for the 59-
most nucleotide of the CCACG part of GRP78–ERSE1 (60).
It should be noted that the pGL3-Promoter vector used in this
study appeared to provide more-sensitive analysis of ERSE

than the pGL2-Promoter vector used previously due to its
lower basal activity. In marked contrast, the 59-most nucleotide
of the CCACG part of CHOP–ERSE1 could be replaced by
any of the four nucleotides without significantly affecting ER
stress inducibility (Fig. 5A, lines 6 to 9).

To determine whether the nucleotides required for the tran-
scriptional activity of CHOP–ERSE1 conform to the consen-
sus ERSE (CCAAT-N9-CCACG), we constructed a series of
point mutants of CHOP–ERSE1 by transversion and analyzed
their activities (Fig. 5B) as we reported previously for GRP78–
ERSE1 (60). Mutations in four of the five nucleotides in the
CCAAT part abolished or greatly reduced the activity (Fig. 5B,
lines 4 to 8). Mutations in the CCACG part inactivated
CHOP–ERSE1, except for the mutation of the 59-most nucle-
otide (Fig. 5B, lines 18 to 22). On the other hand, neither point
mutations in the N9 region (Fig. 5B, lines 9 to 17) nor point

FIG. 2. Deletion analysis of the human XBP-1 (A) and CHOP (B) promoters. Various fragments derived from the human XBP-1 and CHOP promoter regions are
shown schematically on the left. Numbers indicate nucleotide positions from the transcription start site. Solid and hatched boxes indicate the locations of ERSE motifs
with perfect and considerable matches to the consensus, respectively (see Fig. 3A). Each of these fragments cloned immediately upstream of the firefly luciferase gene
in the pGL3-Basic vector was transiently introduced into HeLa cells together with the pRL-SV40 reference plasmid as described in Materials and Methods. Relative
luciferase activity in transfected cells incubated for 16 h with (solid boxes) or without (open boxes) 2 mg of tunicamycin (TM)/ml was determined, and averages from
four independent experiments are presented with standard deviations (error bars). Fold induction was calculated by dividing the relative luciferase activity in
TM-treated cells by that in untreated cells.
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mutations in nucleotides outside of the ERSE consensus (Fig.
5B, lines 3 and 23) significantly affected the activity of CHOP–
ERSE1, indicating that the nucleotides required for the activ-
ity of CHOP–ERSE1 are essentially identical to those required
for the activity of GRP78–ERSE1. The preference for C as the

FIG. 3. Presence of ERSE-like sequences in the human XBP-1 and CHOP
promoters. (A) Comparison of ERSE-like sequences in the XBP-1 and CHOP
promoters with the consensus. Nucleotides identical to the ERSE consensus are
shaded. Numbers indicate the locations relative to the transcription start site. (B)
Transcriptional activities of ERSE-like sequences in the XBP-1 and CHOP
promoters. Oligonucleotides encoding each of the ERSE-like sequences (shad-
ed) with indicated flanking nucleotides were inserted into the pGL3-Promoter
vector, and the resulting plasmids were transiently introduced into HeLa cells
with the pRL-SV40 reference plasmid. The relative luciferase activity in trans-
fected cells incubated for 16 h with (solid boxes) or without (open boxes) 2 mg of
tunicamycin (TM)/ml was determined, and averages from four independent
experiments are presented with standard deviations (error bars).

FIG. 4. Effects of disrupting ERSE on the activities of the human XBP-1
(A) and CHOP (B) promoters. Structures of the XBP-1 and CHOP promot-
ers are shown schematically as described for Fig. 2. XBP-1–ERSE1, CHOP–
ERSE1, and CHOP–ERSE2 were disrupted by mutating their sequences to
agAtcN9CCACG, gatcTN9tacat, and gatccN9tgcga, respectively (mutated nucle-
otides are indicated by lowercase letters); disrupted ERSEs are marked by
crosses. Each of the intact and mutant promoters was cloned immediately up-
stream of the firefly luciferase gene in the pGL3-Basic vector; their activities then
were determined and are presented as described for Fig. 3.

FIG. 5. Identification of the nucleotides in CHOP–ERSE1 required to me-
diate transcriptional induction. (A) Effects of various nucleotides on the activi-
ties of GRP78–ERSE1 and CHOP–ERSE1. Nucleotide C at position 247 of
GRP78–ERSE1 and nucleotide G at position 289 of CHOP–ERSE1 (marked by
the arrow) were changed to other nucleotides as indicated by lowercase letters.
The activities of wild-type and mutant ERSEs were determined and are pre-
sented as described for Fig. 3. (B) Effects of point mutations on the activity of
CHOP–ERSE1. Each of the nucleotides (274 to 294) in the human CHOP
promoter was mutated by transversion as indicated by lowercase letters. The
activities of wild-type and mutant ERSEs were determined and are presented as
described for Fig. 3.
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59-most nucleotide in the CCACG part observed in GRP78–
ERSE1 may be compromised in the case of CHOP–ERSE1 by
nucleotides present in the N9 region or outside of the consen-
sus sequence. As disruption of CHOP–ERSE1 and CHOP–
ERSE2 by multiple nucleotide replacements greatly reduced
the response of the CHOP promoter to tunicamycin treatment
(Fig. 4B), we concluded that ERSE functions as the cis-acting
element necessary and sufficient for induction of CHOP by ER
stress. Nonetheless, because of the low inducibility of the re-
porter construct (see above), we cannot exclude the possibility
that other mechanisms are also involved in the induction of
CHOP by ER stress.

ER stress-induced proteolysis of ATF6 is involved in induc-
tion of XBP-1 and CHOP. We then examined whether ATF6 is
involved in transcriptional induction of XBP-1 and CHOP as in
the case of ER chaperones. We reported previously (18) that
transcription of the GRP78 gene was slightly activated by over-
expression of full-length ATF6 (670), a membrane-bound form
of ATF6, due to constitutively activated proteolysis of ATF6,
whereas transcription of the GRP78 gene was markedly en-
hanced by overexpression of two ATF6 mutants, ATF6 (373)
and ATF6 (366), representing p50ATF6, a soluble form, which
can translocate into the nucleus (see the schematic structures
in Fig. 6A). To examine the effects of ATF6 overproduction on
the levels of endogenous mRNAs, we used 293 cells, which
appear to exhibit higher transfection efficiencies than HeLa
cells. The levels of all three mRNAs (GRP78 mRNA, CHOP
mRNA, and XBP-1 mRNA) in 293 cells were constitutively

elevated slightly by overexpression of p90ATF6 (Fig. 6B, lane
2) and markedly by two p50ATF6-like mutants (lanes 3 and 4)
compared with the vector control (lane 1). These observations
indicated that ER stress-induced proteolysis of ATF6 is a key
regulatory step in transcriptional induction of CHOP and
XBP-1 as well as ER chaperones.

A dominant negative mutant form of ATF6 blocks induction
of GRP78, XBP-1, and CHOP by ER stress. To substantiate
the importance of ATF6 in the mammalian UPR, we examined
whether a mutant ATF6 would exhibit a dominant negative
effect on the UPR. We sought to identify the transactivation
domain of ATF6, which can be transplanted into other pro-
teins, because a mutant transcription factor containing DNA-
binding and dimerization domains but lacking an activation
domain was expected to compete with endogenous wild-type
protein for binding to its target element but to fail to activate
transcription.

Various subregions of ATF6 were fused in frame to
GAL4DB, and the transcriptional activities of these chimeric
proteins were determined by measuring luciferase activities in
lysates of HeLa cells cotransfected with the reporter plasmid
pG5luc, which contains five Gal4p binding sites upstream of
the firefly luciferase gene (Fig. 7). Transactivator activity was
mapped to the N-terminal 150 amino acids (Fig. 7; compare
line 6 with lines 9 to 12), and among these the N-terminal 43
amino acids appeared to make a major contribution (compare
line 7 with line 8). Unfortunately, the expression level of each
fusion protein could not be determined using a commercially
available anti-GAL4DB antibody and therefore the reason for
the increase in transactivation after deletion of amino acids
241 to 272 remains unclear (Fig. 7; compare line 4 with line 5);
the short segment may have a negative effect on transcriptional
activity or may affect the stability of the expressed protein. Our
mapping results are consistent with a previous report (52) in
which the N-terminal 273 amino acids of ATF6 were shown to
activate transcription when fused with GAL4DB. The presence
of a domain with potent transactivator activity in the N-termi-
nal region ensures the ability of p50ATF6 to activate transcrip-
tion in the nucleus.

Based on the above findings, we constructed an ATF6 mu-
tant, designated ATF6 (373) DAD, containing the bZIP region
but lacking the activation domain (see the schematic structure
in Fig. 8A). The effects of overexpression of ATF6 (373) DAD
on the UPR were determined by measuring the activities of the
GRP78, XBP-1, and CHOP promoters fused to firefly lucif-
erase in transfected HeLa cells that were left untreated or
treated with tunicamycin. We also examined the effects of
overexpression of ATF6 (373) DAD on induction of endoge-
nous GRP78, XBP-1, and CHOP mRNAs, but the results were
not as clear as those expected from the promoter analysis,
presumably because of low transfection efficiency even in 293
cells (data not shown).

ATF6 (373) was analyzed as a control. As expected from the
results shown in Fig. 6, overexpression of ATF6 (373) resulted
in constitutive and marked activation of the GRP78 promoter,
which contained three functional ERSEs (Fig. 8B, lines 1 and
2). Importantly, elimination of three functional ERSEs from
the GRP78 promoter abolished the enhancement (Fig. 8B;
compare line 4 with line 5), confirming ERSE-dependent ac-
tivation by ATF6. In marked contrast, overexpression of ATF6
(373) DAD blocked induction by tunicamycin of luciferase
expressed from the GRP78 promoter with functional ERSEs
(Fig. 8B; compare line 1 with line 3) but showed little effect on
expression of luciferase from the GRP78 promoter without
functional ERSEs (compare line 4 with line 6). These results
indicated that ATF6 (373) DAD indeed exhibited a dominant

FIG. 6. Involvement of ER stress-induced proteolysis of ATF6 in transcrip-
tional induction of the XBP-1 and CHOP genes. (A) Schematic structures of
full-length ATF6, ATF6 (670), and its C-terminal deletion mutants ATF6 (373)
and ATF6 (366). The locations of the basic region, leucine zipper (ZIP), and
transmembrane domain (TMD) are indicated. Numbers indicate amino acid
positions from the N terminus. (B) 293 cells cultured in 60-mm dishes were
transiently transfected with 10 mg of pCGN alone (vector) or various pCGN-
based ATF6 expression plasmids as indicated. At 48 h after transfection, total
RNA was extracted and analyzed by Northern blot hybridization as for Fig. 1.
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negative effect on the UPR, as we expected. Essentially iden-
tical results were obtained with the XBP-1 and CHOP promot-
ers (Fig. 8B, lines 7 to 12). We thus concluded that the function
of ATF6 (or similar endogenous proteins) is critical for tran-
scriptional induction of GRP78, XBP-1, and CHOP.

ATF6 directly binds to ERSE in vitro. Previously, we failed
to demonstrate direct interaction between ATF6 and ERSE
when we analyzed full-length ATF6, a membrane-bound form,
translated in vitro, despite the fact that ATF6 was isolated as
an ERSE-binding protein in yeast one-hybrid screening (60).
Therefore, we examined whether a soluble and active form of
ATF6, ATF6 (373), could bind to ERSE directly. A 41-bp
sequence containing GRP78–ERSE1 and its flanking nucleo-
tides was used as a probe for EMSAs after labeling with 32P.
To confirm the specificity of binding, two regions critical for
the function of ERSE were mutated separately or simulta-
neously. For convenience, wild-type and mutant sequences are
designated C (complete) and M (mutant), respectively. Thus,
ERSE-CC indicates a perfect consensus sequence, CCAAT-
N9-CCACG, whereas ERSE-CM, ERSE-MC, and ERSE-MM
indicate mutated sequences CCAAT-N9-gatgt, gacta-N9-CCA
CG and gacta-N9-gatgt, respectively (with mutations indicated
by lowercase letters) (see Materials and Methods).

Recombinant NF-Y expressed and purified from E. coli cells
bound to ERSE-CC, resulting information of a protein-DNA
complex designated complex I (Fig. 9A, lane 1), as expected
from the previous report (44). In contrast, ATF6 (373) trans-
lated in vitro alone did not exhibit any direct binding activity to
ERSE-CC in EMSAs (Fig. 9A, lane 3). However, incubation of
ATF6 (373) with ERSE-CC in the presence of NF-Y produced
a novel protein-DNA complex designated complex II (Fig. 9A,
lane 4). It was obvious that complex II consisted of NF-Y and
ATF6 (373) bound to ERSE-CC because the mobility and/or
formation of complex II was affected when mixtures of NF-Y
and ATF6 (373) were treated with anti-NF-Y (Fig. 9B, lane 14)
or anti-ATF6 (lane 15) antiserum prior to incubation with
ERSE-CC, whereas pretreatment with preimmune (lane 13) or
anti-CREB-RP (lane 16) antiserum showed no effects on com-

plex II; CREB-RP is a bZIP protein closely related to ATF6
(60, 62), but anti-CREB-RP antiserum did not cross-react with
ATF6 (data not shown).

Formation of complex II but not complex I was completely
abolished by mutation in the CCACG part of ERSE (Fig. 9A,
lanes 5 and 6). Neither complex I nor complex II was formed
when the CCAAT part of ERSE was mutated (Fig. 9A, lanes
7 to 10). These results strongly indicated that ATF6 (373)
indeed recognizes the CCACG part of ERSE and that it binds
to ERSE only when the CCAAT part of ERSE is bound to
NF-Y. We also performed competition experiments to further
confirm the specificity of binding. The formation of complex II
was completely blocked by a 100-fold molar excess of unla-
beled ERSE-CC (Fig. 9C, lane 18) and ERSE-CM (lane 19), to
which NF-Y can bind, but was not affected by ERSE-MC (lane
20) or ERSE-MM (lane 21), to which NF-Y cannot bind.
Based on these results, we concluded that binding of NF-Y to
the CCAAT part of ERSE is a prerequisite for ATF6 (373) to
bind to the CCACG part of ERSE. This observation reflected
the in vivo situation very well. As the CCAAT part of ERSE in
the GRP78 promoter was shown to be occupied constitutively
in HeLa cells (26), p50ATF6 liberated by ER stress-induced
proteolysis can bind to the CCACG part of ERSE smoothly
after its entrance into the nucleus.

ATF6 directly binds to XBP-1–ERSE and CHOP-ERSE. We
then examined whether ATF6 (373) binds to XBP-1–ERSE1
and CHOP-ERSE in a manner similar to its binding to
GRP78–ERSE1. The results of EMSAs obtained with XBP-1–
ERSE1 (Fig. 10A, lanes 1 to 6) were essentially the same as
those with ERSE-CC (Fig. 9B, lanes 11 to 16). On the other
hand, the results obtained with CHOP-ERSE were more com-
plicated, because the probe used as CHOP-ERSE contained
both CHOP-ERSE1 and CHOP-ERSE2 due to their overlap
(see Materials and Methods), which would explain why two
protein-DNA complexes designated complexes I and I*, were
formed when CHOP-ERSE was incubated with NF-Y alone
(Fig. 10B, lane 7). It was likely that complexes I and I* con-
tained one and two NF-Y molecules bound to the probe, re-

FIG. 7. Mapping of the transactivation domain of ATF6. (Left) Schematic structures of ATF6 as well as fusion proteins between GAL4DB and various ATF6
subregions. The dotted lines delineate the region deleted from the construct. The positions of the bZIP region and transmembrane domain (TMD) are indicated.
(Right) Transcriptional activities of various fusion proteins. HeLa cells in 24-well plates were transiently transfected with each of the fusion plasmids together with the
reporter plasmid pG5luc containing five Gal4p binding sites upstream of the firefly luciferase gene. Constitutively expressed luciferase activities were determined and
normalized as described in Materials and Methods. Relative activities are presented as averages with standard deviations (error bars) from triplicate determinations
of four independent transfections. The positive control supplied by the manufacturer (pBIND-Id and pACT-MyoD control vectors; Promega) showed a relative activity
of 4.6 6 0.3 in this assay.
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spectively, as both were supershifted by anti-NF-Y antiserum
(Fig. 10B, lane 10; also data not shown). Importantly, incuba-
tion of CHOP-ERSE with NF-Y plus ATF6 (373) (Fig. 10B,
lane 8) resulted in a decrease in the level of complex I and the
appearance of complex II, as in the case of GRP78–ERSE1,
whereas incubation of CHOP-ERSE with NF-Y plus control
reticulocyte lysate did not give rise to complex II (data not
shown). It should be noted that complex I* formation was not
significantly affected under these conditions, suggesting that
steric hindrance hampered the binding of ATF6 (373) to the
probe to which two NF-Y molecules were bound; there was a
space of only 5 bp between the GCACG part of CHOP–
ERSE1 and the CCAAT part of CHOP–ERSE2 (see Materials
and Methods). There might be certain mechanisms in vivo by
which simultaneous occupation of two CCAAT sequences
in CHOP-ERSE is prevented in order to allow binding of
p50ATF6.

The mobility and/or formation of complex II were affected
by pretreatment with anti-NF-Y (Fig. 10B, lane 10) or anti-
ATF6 (lane 11) antiserum but were not affected by pretreat-
ment with preimmune (lane 9) or anti-CREB-RP (lane 12)
antiserum as expected. We confirmed that mutations in the
CCACG part of XBP-1–ERSE1 or the GCACG part of

CHOP-ERSE1 completely abolished the formation of complex
II (data not shown). We thus concluded that ATF6 activated
by ER stress-induced proteolysis stimulates transcription not
only of ER chaperone genes but also of the genes encoding
transcription factors XBP-1 and CHOP by direct binding to
ERSE present in their promoter regions.

Binding of endogenous p50ATF6 to ERSE is hardly detected
in nuclear extracts of ER-stressed cells due to its low abun-
dance. Using EMSA, we further examined whether we could
detect binding of endogenous p50ATF6 to ERSE. Nuclear
extracts of HeLa cells treated with or without tunicamycin for
4 h were incubated with 32P-labeled ERSE-CC (GRP78–
ERSE1). As shown in Fig. 11A, a single binding activity was
detected in unstressed cells (lane 1). This binding activity was
specific to ERSE, because it was completely competed by a
100-fold molar excess of ERSE-CC (Fig. 11B, lane 9) but not
by ERSE-MM (lane 10). This binding activity represented
complex I, which we observed in Fig. 9, because it was super-
shifted by anti-NF-Y antiserum (Fig. 11B, lane 5) but not by
anti-ATF6 antiserum (lane 4), consistent with constitutive oc-
cupation of the CCAAT part of ERSE in the GRP78 promoter
in vivo (26).

Contrary to our expectations, tunicamycin treatment af-

FIG. 8. Effects of overexpression of ATF6 mutants on the activities of the human GRP78, XBP-1, and CHOP promoters. (A) Schematic structures of full-length
ATF6 and two mutants, ATF6 (373) and ATF6 (373) DAD. The locations of the activation domain (AD), bZIP region, and transmembrane domain (TMD) are marked.
Numbers indicate amino acid positions relative to the N terminus. (B) Structures of intact and mutant promoters cloned immediately upstream of the firefly luciferase
gene are shown schematically as in Fig. 4. A reporter plasmid and the pRL-SV40 reference plasmid were transfected into HeLa cells together with pcDNA3.1(1)
(vector) or one of the mutant ATF6 expression plasmids pcDNA-ATF6 (373) and pcDNA-ATF6 (373) DAD as described in Materials and Methods. The relative
luciferase activity in transfected cells incubated for 16 h with (solid boxes) or without (open boxes) 2 mg of tunicamycin (TM)/ml was determined, and averages from
four independent experiments are presented with standard deviations (error bars).
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fected neither the amount nor the mobility of complex I (Fig.
11A, lane 2, and Fig. 11B, lanes 6 to 8). We hypothesized that
the inability to detect complex II in ER-stressed cells might
have been due to a low abundance of p50ATF6 compared with
the amount of NF-Y. We therefore added to nuclear extracts
in vitro-translated ATF6 (373), the amount of which was esti-
mated to be approximately 8,000-fold more than that of en-
dogenous p50ATF6 present in the nuclear extract of tunica-
mycin-treated HeLa cells used for EMSA. As a result, complex
II was formed regardless of tunicamycin treatment of HeLa
cells (Fig. 11C, lanes 12 and 17), and complex II was super-
shifted by both anti-NF-Y (lanes 14 and 19) and anti-ATF6
(lanes 15 and 20) antisera but not by preimmune serum (lanes
13 and 18). We concluded that complex II formed in ER-
stressed cells could not be detected by means of EMSA be-
cause of its low abundance.

The ATF6-binding activity of ERSE is correlated with its
transcriptional activity. As the CCACG part of ERSE is al-
ways located 9 bp downstream of the CCAAT part in various
promoter regions of ER chaperone genes (60), we examined
how altering the spacing would affect both the ATF6-binding
and transcription-inducing activities of ERSE. For this pur-
pose, we analyzed the XBP-1 promoter because it contained a

single ERSE sequence (XBP-1–ERSE1) necessary and suffi-
cient for induction by ER stress (see above). Consistent with
the results shown in Fig. 10, ATF6 (373) bound to XBP-1–
ERSE1 (CCAAT-N9-CCACG) in the presence of NF-Y, re-
sulting in the formation of complex II (Fig. 12B, lane 2). In
marked contrast, NF-Y but not ATF6 was able to bind to
mutant ERSE in which CCACG was separated from CCAAT
by a spacer of 8 or 10 bp (Fig. 12B, lanes 3 to 6), indicating that
spatial arrangement is critical for ERSE to accommodate si-
multaneous binding of NF-Y and ATF6. Most importantly, the
ability of the XBP-1 promoter to respond to tunicamycin treat-
ment (sixfold enhancement of the reporter luciferase expres-
sion [Fig. 12C, bars 7]) was abolished almost completely by
altering the spacing in ERSE from 9 to 8 bp (bars 8) or 10 bp
(bars 9), indicating that spatial arrangement is also critical for
the in vivo function of ERSE. Thus, the ATF6-binding activi-
ties of ERSE-like sequences obtained in vitro with EMSA
reflected very well their abilities to mediate induction by ER
stress in vivo, determined by placing them in a natural pro-
moter of a UPR target gene. These results further supported
the notion that ATF6 plays a major role in transcriptional
induction by ER stress of mammalian UPR target genes.

DISCUSSION

The cis-acting ERSE with a consensus of CCAAT-N9-
CCACG is responsible for transcriptional induction of ER
chaperones by unfolded proteins accumulated in the ER, and
ATF6 was isolated as a putative ERSE-binding protein (60).
We demonstrated here that ATF6 indeed recognizes the
CCACG part of ERSE and binds directly to ERSE when the
CCAAT part of ERSE is bound to the general transcription
factor NF-Y (Fig. 9). In this regard, it was shown previously by
in vivo genomic footprinting analysis that the CCAAT regions
of the three functional ERSE sequences present in the GRP78
promoter are constitutively occupied in HeLa cells (26). The
protein responsible for this constitutive occupation of the
CCAAT part of ERSE is almost certainly NF-Y, because in-
cubation of nuclear extracts of HeLa cells with ERSE gave rise
only to complex I, which was supershifted by anti-NF-Y anti-
serum (Fig. 11). Importantly, addition of exogenous ATF6 to
nuclear extracts of both unstressed and ER-stressed HeLa cells

FIG. 9. Direct binding of ATF6 to ERSE in the presence of NF-Y. (A)
32P-labeled ERSE-CC containing CCAAT-N9-CCACG (lanes 1 to 4),
ERSE-CM containing CCAAT-N9-gatgt (lanes 5 and 6), ERSE-MC containing
gacta-N9-CCACG (lanes 7 and 8), or ERSE-MM containing gacta-N9-gatgt
(lanes 9 and 10) was incubated with in vitro-translated ATF6 (373) in the
presence (1) or absence (2) of recombinant NF-Y as indicated. Protein-DNA
complexes formed were analyzed by EMSA as described in Materials and Meth-
ods. The positions of complexes I and II are indicated. (B) A mixture of in
vitro-translated ATF6 (373) and recombinant NF-Y was treated with (1) or
without (2) various antisera as indicated prior to incubation with 32P-labeled
ERSE-CC. EMSA was carried out as for panel A. (C) The specific binding of in
vitro-translated ATF6 (373) and recombinant NF-Y to 32P-labeled ERSE-CC
was competed by unlabeled oligonucleotides in 100-fold molar excess as indi-
cated. EMSA was carried out as for panel A.

FIG. 10. Direct binding of ATF6 to XBP-1–ERSE1 (A) and CHOP-ERSE
(B). A mixture of in vitro-translated ATF6 (373) and recombinant NF-Y was
treated with (1) or without (2) various antisera as indicated prior to incubation
with 32P-labeled XBP-1–ERSE1 (lanes 1 to 6) or 32P-labeled CHOP-ERSE
(lanes 7 to 12). The protein-DNA complexes formed were analyzed by EMSA as
for Fig. 9. The positions of complexes I, I*, and II are indicated.
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resulted in formation of complex II (Fig. 11), indicating that
the properties of NF-Y are not specifically changed by ER
stress. Thus, once p50ATF6 produced by ER stress-induced
proteolysis is translocated into the nucleus, it can directly bind
to ERSE and activate transcription of target genes in vivo as
depicted in Fig. 13. We propose that the ER stress response
factor (ERSF) binding to ERSE responsible for the mamma-
lian UPR is a heterologous protein complex consisting of the
constitutive component binding to the CCAAT part (NF-Y)
and the inducible component binding to the CCACG part. The
tightly regulated mechanism of activation (18), DNA-binding
specificity (Fig. 9), and potent transcriptional activator activity
present in the N-terminal region (Fig. 7) all indicate the im-
portance of ATF6 as an inducible component of ERSF. Al-
though it is possible that proteins other than p50ATF6, such as
XBP-1, bind to the CCACG part of ERSE and modulate
cellular UPR activity (see below), the importance of ATF6 (or
similar proteins) in the mammalian UPR was further substan-
tiated by the observation that an ATF6 mutant lacking the
activation domain exhibited a dominant negative effect on in-
duction of UPR target genes by ER stress (Fig. 8) and that the
abilities of various ERSE-like sequences to bind to ATF6 were
well correlated with their abilities to mediate induction by ER
stress (Fig. 12).

Roy and Lee independently identified ERSE and reported

that NF-Y and YY1 bind to the CCAAT part and CCACG
part, respectively (43), although it is not clear how ubiquitous
factor YY1 is specifically activated in response to ER stress.
They also reported that the spacer (N9) region between the
CCAAT and CCACG parts of ERSE is highly GC rich and
showed that the sequence GGC in the N9 region is important
for GRP78–ERSE1 activity. Furthermore, they identified bind-
ing activity to the GGC sequence in nuclear extracts of HeLa
cells, which was found to be inducible by ER stress (43). How-
ever, we noted that the N9 region is not necessarily GC rich, as
evidenced by the sequence of CHOP–ERSE1 (Fig. 3A). In
addition, the sequence GGC is not present in the N9 regions of
GRP94–ERSE1, GRP94–ERSE3, calreticulin-ERSE3, XBP-
1–ERSE1, and CHOP-ERSE1, although all of these sequences
were sufficient to mediate transcriptional induction when one
copy of each was fused with a heterologous promoter in our
highly sensitive assay system (60) (Fig. 3B). Thus, the role of
the GGC-binding activity in the mammalian UPR remains
unclear. At present we favor the idea that the N9 region is
necessary to provide an optimal space that allows simultaneous
binding of NF-Y and p50ATF6, because ATF6 (373) could not
bind to ERSE even in the presence of NF-Y when CCACG
was separated from CCAAT by a spacer of 8 or 10 bp (Fig. 12).

In addition to ER chaperones, several transcription factors
are induced by ER stress in mammals, for example, CHOP and
XBP-1 (Fig. 1). We showed here that both the CHOP and
XBP-1 promoters contain functional ERSE sequences neces-

FIG. 11. ERSE-binding activities in nuclear extracts of HeLa cells. (A) 32P-
labeled ERSE-CC was incubated with nuclear extracts prepared from HeLa cells
that were left untreated (2TM) or treated (1TM) with 2 mg of tunicamycin/ml
for 4 h. Protein-DNA complexes formed were analyzed by EMSA as described in
Materials and Methods. The position of complex I is indicated. (B) Nuclear
extracts of untreated HeLa cells (2TM) or those treated (1TM) with 2 mg of
tunicamycin/ml for 4 h were incubated with (1) or without (2) various antisera
as indicated prior to incubation with 32P-labeled ERSE-CC (lanes 3 to 8).
Formation of complex I was competed by a 100-fold molar excess of unlabeled
ERSE-CC (lane 9) or ERSE-MM (lane 10). EMSA was carried out as for panel
A. Only specific binding is shown. The position of complex I is indicated. (C)
Nuclear extracts of untreated HeLa cells (2TM) or those treated (1TM) with 2
mg of tunicamycin/ml for 4 h were mixed with in vitro-translated ATF6 (373) or
control reticulocyte lysates (vector) and then incubated with (1) or without (2)
various antisera as indicated prior to incubation with 32P-labeled ERSE-CC.
EMSA was carried out as for panel A. Only specific binding is shown, and the
positions of complexes I and II are indicated.

FIG. 12. Effects of altering the spacing on the ATF6-binding and transcrip-
tion-inducing activities of ERSE. (A) Nucleotide sequences of wild-type and
mutant forms of XBP-1–ERSE1 analyzed. A 41-bp sequence containing XBP-
1–ERSE1 and its surrounding nucleotides is shown and referred to as CCAAT-
N9-CCACG. Sequences matching the consensus ERSE are shaded. One nucle-
otide, G, between the CCAAT and CCACG sequences was deleted to create
CCAAT-N8-CCACG, while one nucleotide, A (indicated by the underlined
lowercase letter), was inserted to create CCAAT-N10-CCACG. (B) Binding of
ATF6 to wild-type or mutant XBP-1–ERSE1. The oligonucleotide probe
CCAAT-N9-CCACG, CCAAT-N8-CCACG or CCAAT-N10-CCACG, the se-
quences of which are delineated in panel A, was incubated after labeling with 32P
with (1) or without (2) in vitro-translated ATF6 (373) in the presence of NF-Y.
Protein-DNA complexes formed were analyzed by EMSA. The positions of
complexes I and II are indicated. C, Transcriptional response to ER stress of
human XBP-1 promoter containing wild-type or mutant XBP-1-ERSE1. XBP-
1-ERSE1 (CCAAT-N9-CCACG) was mutated to CCAAT-N8-CCACG or
CCAAT-N10-CCACG as indicated in part A in the XBP-1 promoter which was
then cloned immediately upstream of the firefly luciferase gene in the pGL3-
Basic vector. Their transcriptional activities were determined and are presented
as described in Fig. 3.
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sary and sufficient for induction (Fig. 2 to 5) and that ATF6 is
involved in activating transcription of the CHOP and XBP-1
genes as well as ER chaperone genes (Fig. 6, 8, and 10). XBP-1
was originally identified as a protein binding to the cis-acting X
box present in the promoters of human major histocompati-
bility complex class II genes (27), and also as a protein
(TREB5) binding to the tax-responsive element present in the
long terminal repeat of human T-cell leukemia virus type 1
(61). Recent studies on XBP-1 knockout mice revealed that
the function of XBP-1 is essential for hepatocyte growth (41).
Binding site selection experiments revealed that XBP-1 pref-
erably binds to the sequence GATGACGTG(T/G)NNN(A
/T)T (the underlined sequence is perfectly complementary to
the sequence CCACG) (7); that would explain why XBP-1 was
isolated as an ERSE-binding protein (60). Here, we identified
XBP-1 as a target of the mammalian UPR, although the phys-
iological significance of this finding remains unclear; overex-
pression of XBP-1 alone did not affect transcription of ER
chaperone genes significantly in contrast to the case of ATF6
(data not shown). Since transactivation domains of XBP-1
have been identified and characterized previously (7, 29), it is

still possible that XBP-1 may function as an inducible compo-
nent of ERSF under certain as yet unknown conditions.

CHOP is a bZIP protein related to CCAAT/enhancer-bind-
ing protein and modulates transcription of target genes via
heterodimerization with members of the CCAAT/enhancer-
binding protein family (42, 55). Although CHOP was originally
identified as GADD153, a protein inducible by growth arrest
signals and DNA-damaging agents (11), subsequent analysis
revealed that CHOP is induced by a variety of conditions that
cause ER stress (5, 39, 58). We confirmed this observation
(Fig. 1) and further demonstrated that the CHOP promoter
contains functional ERSE sequences necessary and sufficient
for induction by ER stress similarly to promoters of ER chap-
erone genes (Fig. 2 to 4). At present we do not know why the
nucleotide requirement at the 59-most side of the CCACG part
of CHOP-ERSE1 was more tolerant than that in GRP78–
ERSE1 (Fig. 5). Importantly, ATF6 was able to bind to CHOP-
ERSE1 as well as to GRP78–ERSE1 in the presence of NF-Y
(Fig. 10). Based on these and other results shown in Fig. 6 and
8, we concluded that CHOP is a target protein of the mam-
malian UPR and that its induction is mediated by ERSE and
ERSF.

Expression of CHOP is known to be linked to programmed
cell death, or apoptosis. Overexpression of CHOP leads to
growth arrest (2) and promotes apoptosis (12), whereas mouse
embryonic fibroblasts lacking CHOP exhibited significant re-
sistance to ER stress-induced cell death (63). However, accu-
mulating evidence suggests that induced CHOP appears not to
be a primary determinant causing the cell to commit suicide
when the function of the ER is severely impaired. Rather,
induced CHOP may help the cell prepare for programmed cell
death and activate the apoptotic process smoothly when there
is no hope of overcoming the malfunction of the ER. The time
course of induction of CHOP was similar to that of ER chap-
erones, indicating that cells are still coping with unfolded pro-
teins accumulated in the ER when CHOP is induced. Although
the apoptotic process was significantly delayed by the absence
of CHOP in mouse embryonic fibroblasts, essentially all cells
eventually died when treated with ER stress-inducing reagents
(63). Target proteins of CHOP recently identified and desig-
nated as DOCs (downstream of CHOP) are mammalian or-
thologues of the Drosophila gene Tenm/Odz and novel homo-
logues of the actin-binding proteins villin and gelsolin (57).
Thus, none of these molecules has been shown to be directly
involved in the process of programmed cell death. A novel
form of carbonic anhydrase VI, identified as one of the DOCs,
may promote apoptosis by increasing intracellular proton con-
centrations (51), because the membrane pore-forming activity
of the proapoptotic regulator Bax is higher at lower pHs (1).

In conclusion, the present results provided a basis for the
diversity of the mammalian UPR; a protein is induced by ER
stress regardless of its subcellular localization only if its pro-
moter contains a functional ERSE to which ERSF can bind.
Primary targets of the UPR are, of course, ER chaperones,
which cope with unfolded proteins in the ER. Non-ER pro-
teins induced by ER stress may also have roles in ER-stressed
cells, as discussed above for CHOP. In this connection, it is
noteworthy that the other bZIP type transcription factors
ATF-2 and ATF-4 were induced under conditions similar to
ER stress (10, 23, 54). Further characterization of target pro-
teins of the mammalian UPR will provide information useful
for understanding how the cell balances survival with death
under conditions of ER stress.

FIG. 13. Model for the mammalian UPR. ATF6 is synthesized as a precursor
protein (p90ATF6) that anchors in the ER membrane under normal conditions.
Upon accumulation of unfolded proteins in the ER, membrane-bound p90ATF6
is processed into a soluble and active form (p50ATF6). p50ATF6 translocates
into the nucleus and directly binds to the CCACG part of ERSE, the CCAAT
part of which is constitutively occupied by NF-Y. Thus, ERSF composed of NF-Y
and p50ATF6 activates transcription of target genes. Target proteins include ER
chaperones and two transcription factors, CHOP and XBP-1. Induced ER chap-
erones cope with unfolded proteins accumulated in the ER. Induced CHOP is
likely to help the cells prepare for apoptosis by stimulating transcription of its
target genes (referred to as DOCs). The roles of induced XBP-1 and its target
genes are currently unknown. XBP-1 may function as a regulator of the UPR
through ERSE.
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